Sugar Cane Bagasse is a by-product of the sugar agro-industry; it is partly used as fuel. However, bagasse ash (SCBA) is considered waste, which creates a disposal problem. Furthermore, if sugar cane bagasse is burned under controlled conditions, the SCBA can be potentially reused. This paper considers the technical viability of using SCBA as a partial replacement for cement. Two samples of SCBA from a Colombian sugar industry were characterized. The chemical composition of the samples shows high percentages of silica, 76.3% and 63.2%. The mineralogical and morphological characteristics of the waste were determined by X-ray diffraction patterns (XRD), thermal analysis (TG/DTA) and scanning electron microscopy (SEM). The pozzolanic activity of SCBA was evaluated using the Frattini test and the strength activity index test (SAI). The ASTM C618 defines an SAI of at least 75% as a requirement for classifying material as a pozzolan. This condition was achieved in the experiments performed. The results indicate that SCBA produced in the manufacture of commercial cements can be recycled for use as pozzolanic material. This supplementary material can partially replace cement and therefore reduce CO2 emissions.
Introduction 1 2 3
In any process carried out by commercial industries, principles on conservation and the use of natural resources must be taken into account. Therefore, it is necessary to consider a new approach to materials and production processes that is based on the reduction ers that have a similar chemical composition and that can reduce production costs without affecting the quality of the concrete (Chusilp et al., 2009a ).
An important alternative found in research on this topic, is the use of an agro-industrial byproduct of the sugar industry, sugar cane bagasse ash (SCBA), as a mineral additive for cement. As a part the productive process of the sugar industry, sugar cane stalks are ground to extract the juice, the remaining fibrous residue, called bagasse, is one of the most valuable products in the sugar industry as its net calorific value is about 8000 kJ/kg (Batra et al., 2008) . It is common practice to burn bagasse in boilers operating at temperatures around 700 °C and 900 ° C to produce steam and useful energy for the processes and needs of the factory (Souza et al., 2011) . The efficiency of boilers used in the mills is typically 60-70% because the bagasse is significantly fibrous, has low density, high moisture and requires fuel such as coal for its combustion (Rasul, 2000) . Thus, it contains high amounts of unburned carbon (Martirena et al., 1998; ). The ashes resulting from this process are characterized as highly pulverized material of low density and high volume. These features mean that if transported to landfills and dispersed in the environment, SCBA can contaminate air, soil, adjacent waters, and groundwater, resulting in effects to human health (Frias et al., 2011; Ortiz et al, 2009 ).
Recently, there have been several studies concluding that these ashes have a high reactivity towards lime and cement, supporting its use as a partial replacement for Portland cement or OPC Cordeiro et al., 2008 Cordeiro et al., , 2012 Paya et al., 2002; Fairbairn et al., 2010; Martirena et al., 1998; Jimenez-Quero et al., 2013; Ganesan et al., 2007) . SCBA can potentially replace cement for up to 20% (Ganesan et al., 2007; ). The use of this material as an additive to produce clay bricks and roof tiles has also been reported (Souza et al., 2011; Faria et al., 2012) . It should be noted that the chemical, mineralogical and pozzolanic properties of SCBA depend on the industrial process from which it has been obtained (Frias, 2011; Cordeiro, 2009a) . Lower quality SCBA, particularly ash with high levels of unburned coal, are suggested to be used as inert material, especially as a replacement fine aggregate in concrete (Sales et al., 2010) .
In 2010, Colombia harvested 20.3 million tons of sugarcane; by 2011 the production reached 22.7 million tons (ASOCAÑA, 2012) . In Valle del Cauca, a sugar producing region in Colombia, there are about 13 mills that contribute to the domestic production of sugar. Such large volumes of processed sugarcane during the year generate considerable amounts of SCBA; the transformation of this waste and its proper use is a topic of current interest in sugarcane production regions.
Currently, approximately 70% of byproducts are disposed in landfills and only 30% is used for composting. According to the information provided by some sugar mills in the region, regional bagasse ash is not being used in the manufacture of products that benefit communities. This paper focuses on a preliminary study on the use of SCBA as a partial replacement for Portland cement (OPC). The study includes chemical and mineralogical characterization, and determination of the pozzolanic activity of two ash samples obtained from burning bagasse produced by the Colombian sugar production industry.
Experimental Procedure and Materials
The ashes used for the study were obtained from a sugar mill located in the Valle del Cauca, two samples were collected from the bottom of the multicyclone and precipitator of a boiler that works at temperatures between 600 °C and 900 °C. The samples will be referred to as SCBA1 and SCBA2. These samples presented a loss on ignition (LOI) of 10% and 14% respectively. ASTM C 618 limits the LOI of pozzolanic materials to less than 6%; a high LOI value is indicative of unburned carbon, a compound that interferes with the hydration reaction and increases the demand for water. This affects the final properties of the concrete . The difference in chemical composition, between the two samples, is the result of variability in the combustion process.
For both samples, a separation process of unwanted materials by sieving was applied, using sieves N° 140, 170 and 200. This reduced the LOI for SCBA1 and SCBA2 to 3.7% and 11% respectively. Table 1 shows the chemical and physical characteristics of the ash used, demonstrating that ash components with the highest percentages correspond to silica (SiO2) and alumina (Al2O3), coinciding with reports by other authors (Payá et al., 2002 , Rincón et al., 2010 Cordeiro et al., 2008) . A high alkali content is also observed (see table 1), this limits the percentage of ash that can be added to the cement without compromising durability and causing problems such as alkali-aggregate reactivity or efflorescences. It should be noted that the alkali content in cement is limited to 0.6% (ASTM C150 standard); so it will be a factor to consider in future research. The average particle size was determined for the two ash samples in a Malvern granulometry Mastersizer Laser 2000; the results are presented in Table 1 and the particle size distribution is shown in Figure 1 . It is appreciated that SCBA1 presents an average particle size of about two times that of the corresponding figure for SCBA2. The mineralogical and morphological characteristics were determined by X-ray diffraction (XRD), thermal analysis (TG / DTA) and scanning electron microscopy (SEM). To determine the viability of using the SCBA as an addition to OPC, the pozzolanic activity of SCBA was evaluated using the Frattini test and the strength activity index test (SAI The ASTM C311 standard indicates that mortar mixtures should be elaborated with 2.75 parts of sand for 1 part of cement with a water to cement ratio of 0.485, which can be modified to achieve a flow of 110 ± 5%. These parameters were used in order to prepare the reference sample (without SCBA). To ensure that the flow of the blended mortar mixture (SCBA 20%) complies with the flow set by the standard, the water ratio was fixed at 0.56. The characteristics of the OPC used are shown in Table 1 . The samples were cured by submersion in an aqueous solution of Ca(OH)2 at room temperature for 7 and 28 day periods. Having completed these periods, the samples were tested for compressive strength to calculate the SAI.
Results and discussion

Analysis by X-ray Diffraction (XRD)
A study of the mineralogical composition of the SCBA through the X-ray Diffraction technique was carried out. The equipment used for this analysis was an X'Pert Pro defractometer with an X-Ray tube containing a copper anode, a scan rate of 5 ° / min, step of 0.020 degrees, range at 3.0 to 70.0 degrees, voltage at 40kV and current at 30 mA. Figure 2 shows the corresponding diffractograms. Figure 2 shows the XRD patterns with a broad band or lifting of the baseline between 15 and 35 (2Ɵ), indicating the presence of amorphous or vitreous materials in both SCBA samples. This amorphous character can contribute significantly to the pozzolanic activity of the material to be added to OPC. The presence of cristobalite was confirmed in the range 10-30 (2Ɵ) for both cases, indicating that the combustion temperature of the bagasse was higher than 800 °C, coinciding with findings by different authors (Payá et al., 2002; Morales et al., 2009; Cordeiro et al., 2009a Cordeiro et al., , 2012 Frías et al., 2007 Frías et al., , 2011 .
For SCBA samples, quartz is observed as the main crystalline compound as shown by the XRD pattern (see Fig. 2 ) and confirmed by chemical analysis (see Table 2 ). The presence of quartz can be attributed to the sand adhering to the sugarcane at the time of harvest, due to the characteristics of soil origin. This is true even after the sugarcane has been washed. Cordeiro (2008) reports that even after washing the harvested sugarcane, sand can represent as much as 2% in weight of the material that is processed and that after the calcination of organic material during the burning of the bagasse, the proportion of quartz increases considerably ). Other minor compounds such as iron oxides and calcite were also detected (Morales, 2009 ).
Thermogravimetric analysis (TG/DTA)
Thermal analysis (TG/DTA) of samples was performed on a TA Instruments Model SDT Q-600 at a heating rate of 10 °C/min in a nitrogen atmosphere. Figure 3 shows the weight loss curves (TG) and thermal analysis (DTA). The figure demonastrates that SCBA1 has the lower weight loss of the two samples, as temperature increased to 1000°C, 3.6 and 11.2 % respectively. This is due to lower LOI as seen in the chemical composition listed in Table 1 . In the case of the DTA, the figure shows a single endothermic peak at around 50°C, which corresponds to loss of water absorbed by the samples. Some authors, including Frias et al. (2007 Frias et al. ( , 2011 , have reported the presence of endothermic peaks associated with compounds such as carbonates (between 600-700°C), kaolinite ( 500-650°C) or gibbsite ( 250°C). In this study, these compounds are not observed; this is in accordance with the results obtained by XRD. It is important to indicate that the possible organic matter present in bagasse ash is not detected by this technique because the thermal analysis presented in Figure 3 was carried out under inert conditions (nitrogen gas). For this reason, a thermal test was performed in an oxygen atmosphere, the results are presented in Figure 4 . In this figure, the presence of an exothermic peak located at approximately 430 °C is observed, which corresponds to the organic matter (unburned carbon) present in the SCBA samples. TG curves indicate that the weight loss takes place mainly between 300 and 500 °C. 
Scanning Electron Microscopy (SEM)
The samples were observed using the SEM technique on a FEI QUANTA 200 device. Figure 5 shows the corresponding images. These images show different morphologies, with particles of different shapes and sizes. The presence of coarse and porous particles is observed; these are typical organic materials present in SCBA. In general, prismatic, spherical and fibrous particles are shown. These morphologies are similar to those observed by Paya et al. (2002) , and Batra et al. (2008) . These figures confirm that the particle size of SCBA1 is greater than SCBA2, which is in accordance with the data reported by laser granulometry (see Table 1 ). 
Pozzolanic Activity
According to Massazza (2003) , the term 'pozzolanic activity' considers all reactions occurring among the active constituents of a pozzolan, lime (released by the OPC hydration) and water. This concept includes the maximum amount of lime that a pozzolan can combine with and the rate at which such combination occurs. The overall amount of combined lime depends essentially on the nature, quality and quantity of the active phases present in the pozzolan sample and the lime combination rate depends on the particle size and specific surface area of the pozzolan, the water/solid ratio and the curing temperature.
The Frattini test can accurately define the pozzolanic activity of blended OPCs measuring the CH (Portlandite) consumption released during OPC hydration. In this sense, the Frattini test compares [Ca 2+ ] and [OH -] contained in the aqueous solution that covers the hydrated sample at 40°C for a given time (7 and 28 days) with the solubility curve for CH in an alkaline solution at the same temperature. The Frattini test results are presented in Figure 6 as points in the graph with axes values representing [Ca 2+ ] versus [OH -]. In this graph, the calcium isothermal curve demarcates the pozzolanic area below this curve and the non-pozzolanic area above it. At 7 days, the results of the cement pastes containing SCBA1 are above the solubility curve and at 28 days are lying closely below the solubility line indicating its poor pozzolanic activity. By contrast, the results for SCBA2 are below the solubility line, this indicates that this material presents higher pozzolanic activity than SCBA1. This may be because the SCBA1 sample has a larger particle size than SCBA2; it is also observed by XRD, that the SCBA1 contains more crystalline material. The calcium concentration at 7 and 28 days may be compared to the theoretical [CaO] and the reduction is expressed as a percentage of the theoretical maximum removed, as is seen in Table  2 . These results indicate that the pozzolanic activity of SCB2 is higher than that of SCBC1. The negative value in the table (% reduction [CaO] ) is associated to the position above the solubility curve, indicating a non-pozzolanic performance of SCB1 at 7 days of curing. In this case, it can be said that although the material performs as such, the reaction rate is very slow.
In order to quantify the results from the Frattini tests, it is possible to use the equation (Eq. 1) mentioned in EN 196 standard (Donatello et al., 2010) : The calcium concentration at 7 and 28 days may be compared to the theoretical [CaO] and the reduction is expressed as a percentage of the theoretical maximum removed, as is seen in Table  2 . These results indicate that the pozzolanic activity of SCB2 is higher than that of SCBC1. The negative value in the table (% reduction [CaO] ) is associated to the position above the solubility curve, indicating a non-pozzolanic performance of SCB1 at 7 days of curing. In this case, it can be said that although the material performs as such, the reaction rate is very slow. Figure 7 presents the results of the pozzolanic activity index (SAI) test at 7 and 28 days of curing for the heat-treated samples of SCBA. Both ash samples show similar strength activity index (SAI = 65%) at 7 days, counter to the results attained using the Frattini test. In general, SCBA1 y SCBA2 reported high levels of pozzolanic activity at 28 days of curing, 91 y 97 % respectively; these values exceed those reported by other authors, which have presented an index of about 83% (Oliveira et al., 2010) . Lin et al. (2012) report a SAI of 104% at 91 days of curing. It should be noted that by this test, no significant effects are seen between the two samples due to their remarkable difference in the average particle size. ASTM C618 standard requires a SAI greater than 0.75 (75%) for fly ash and natural pozzolans at a replacement of 20%. By this standard, the SAI value of the SCBA samples at 7 days or 28 days indicatespecification compliance. In this sense, the ashes studied have potential use as an addition to Portland cement. 
Conclusions
According to the results of this study, the following conclusions can be asserted:
The bagasse ash studied has high silica content and significant amorphous content, making them subject to consideration as supplementary material for partial replacement of Portland cement (OPC).
The pozzolanic activity index (SAI) of SCBA exceeds the minimum specification set by ASTM C618 and those reported by other researchers for samples 28 days cured; however the Frattini test demonstrates the importance of particle size, suggesting that mill processing of the material is required.
It is worth noting that 20% replacement of OPC by SCBA with a particle size of 41 microns, allows for a cementitious material with mechanical properties similar to cement starting.
In conclusion, SCBA shows potential as a pozzolan, yet more studies are recommended in order to evaluate the optimal proportion of addition, the rheological effect on the cement mixture and the long-term performance of blended cement in terms of its mechanical and durability properties.
